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HIGHLIGHTS 


►  High-velocity  plasma-sprayed  ScSZ  electrolyte  was  used  directly  to  SOFC. 

►  In-flight  particle  diagnostics  are  employed  to  select  the  optimal  spray  parameters. 

►  ScSZ  prepared  by  SAPS  exhibits  higher  gas  tightness  than  conventional  APS. 

►  Electrolyte  gas  tightness  is  improved  by  the  increasing  of  deposition  temperature. 

►  Output  power  density  is  increased  about  70%  with  the  growth  of  long  columnar  crystal. 
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A  main  challenge  of  conventional  atmospheric  plasma  spraying  (APS)  in  the  application  for  SOFCs  is  how 
to  fabricate  the  dense  electrolyte  which  can  be  used  directly.  In  this  study,  supersonic  atmospheric 
plasma  spraying  (SAPS),  one  of  the  high-velocity  plasma  spraying  technologies,  was  used  to  prepare 
scandia-stabilized  zirconia  (ScSZ)  electrolyte  to  enhance  the  performance  of  SOFCs  by  decreasing  the 
porosity  and  improving  the  ionic  conductivity  with  the  continuous  growth  of  columnar  grains  across 
splat  interfaces.  The  temperature  and  velocity  of  in-flight  ScSZ  particles  were  measured,  and  the  in¬ 
fluences  of  deposition  temperature  on  the  microstructure  and  cell  output  performance  were  inves¬ 
tigated.  Results  showed  that  the  as-sprayed  ScSZ  prepared  by  SAPS  exhibited  higher  gas  tightness  than 
conventional  APS  by  approximately  one  order  of  magnitude.  With  the  increase  of  deposition  temperature 
from  200  °C  to  600  °C,  the  microstructure  of  ScSZ  electrolyte  changed  from  the  traditional  lamellar 
structure  with  limited  interface  bonding  to  the  long  columnar  crystal  structure,  and  the  maximum 
output  power  densities  of  the  cells  with  60  pm  ScSZ  electrolyte  prepared  by  SAPS  increased  by  more  than 
70%  with  the  increase  of  deposition  temperature  from  200  °C  to  600  °C  and  reached  995  mW  cm-2  at 
1000  °C. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  been  widely  investigated  as 
an  efficient  and  environmentally  friendly  alternative  to  conven¬ 
tional  power  generation  using  fossil  fuels.  The  performance  of 
SOFCs  is  generally  limited  by  the  internal  ohmic  losses  and  the 
electrochemical-catalytic  activity  of  electrodes  [1].  Electrolytes 
have  the  lowest  electrical  conductivity  among  all  functional  layers 
in  SOFCs,  especially  at  low  temperature  [2,3].  Therefore,  the  use  of 
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an  electrolyte  with  high  electrical  conductivity  is  one  of  the  effec¬ 
tive  approaches  to  improve  the  performance  of  SOFCs.  Scandia- 
stabilized  zirconia  (ScSZ)  is  one  of  the  zirconia-based  electrolyte 
materials  that  exhibit  higher  electrical  conductivity  than  other 
zirconia-based  materials.  The  maximum  electrical  conductivity  of 
ScSZ  bulk  is  approximately  0.36  S  cm-1  at  1000  °C,  in  comparison  to 
0.16  S  cm-1  of  yttria-stabilized  zirconia  (YSZ),  which  has  been 
extensively  used  in  SOFCs  [4].  Moreover,  ScSZ  conductivity  at 
780  °C  is  comparable  to  that  of  YSZ  at  1000  °C  [1].  The  activation 
energy  for  the  transport  of  oxygen  ions  in  the  ScSZ  materials  is  also 
lower  than  in  YSZ  materials  [1].  Many  studies  have  shown  that 
SOFCs  that  use  ScSZ  as  electrolytes  exhibited  better  performance 
than  SOFCs  using  YSZ  electrolytes  [5,6]. 
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The  fabrication  process  of  electrolytes  also  plays  an  important 
role  in  the  SOFC’s  commercial  applications.  Atmospheric  plasma 
spraying  (APS)  is  one  of  the  most  promising  processing  methods  for 
the  production  of  the  components  used  in  SOFCs;  APS  has  many 
cost-effective  characteristics,  including  its  flexibility  and  easy 
automation  features,  compared  with  the  film-formation  processes 
of  electrochemical  vapor  deposition  (EVD)  [7],  vacuum  plasma 
spraying  (VPS)  [8],  and  sol-gel  method  [9].  Compared  with  con¬ 
ventional  coating  technologies,  such  as  tape  casting  [10],  screen 
printing  [11  ],  and  dip  coating  [12],  plasma-sprayed  electrolyte  does 
not  need  sintering  at  a  high  temperature  which  will  easily  intro¬ 
duce  many  defects,  such  as  warp,  crackle  and  pores  for  the  cells 
with  a  large  area. 

However,  the  ceramic  coatings  deposited  by  traditional  APS 
have  high  porosity,  and  the  pores  in  the  coating  are  linked  with  the 
unbonded  interfaces  and  microcracks.  Because  of  these  features, 
traditional  APS  ceramic  coating  may  not  be  suitable  for  SOFCs 
electrolytes,  directly  [13-17].  Instead,  a  sintering  process,  which  is 
described  as  the  “thermal  spraying-sintering  process”,  has  been 
investigated  following  plasma  spraying,  to  obtain  improved  gas 
tightness,  a  thinner  layer,  and  higher  electric  conductivity  of  the 
electrolyte  [18,19].  However,  the  high-temperature  sintering  pro¬ 
cess  usually  causes  other  problems,  including  interface  reactions, 
increased  cost,  and  unsuitability  for  metal-supported  SOFCs.  Fur¬ 
thermore,  the  YSZ  electrolyte  deposited  by  vacuum  plasma  spray¬ 
ing  (VPS)  exhibited  acceptable  performance  [20,21].  Comparing 
VPS  with  traditional  APS  for  spraying  electrolytes,  the  main  im¬ 
provements  of  VPS  over  APS  are  a  relatively  high  in-flight  particle 
velocity  and  temperature  obtainable,  in  addition  to  the  low- 
pressure  atmosphere  for  deposition.  The  dense  YSZ  electrolyte 
can  be  fabricated  by  a  three-cathode  APS  torch,  which  also  showed 
a  relatively  high  in-flight  particle  velocity  and  temperature  [22]. 
Three  key  parameters  influence  the  coating  microstructure  and 
properties:  in-flight  particle  velocity,  temperature,  and  particle 
size.  For  the  powders  with  a  determined  size  range,  only  particle 
velocity  and  temperature  have  strong  influences  on  the  coatings 
microstructure  [23].  Many  previous  investigations  showed  that  the 
density  of  the  coatings  can  be  significantly  improved  with  the  boost 
of  particle  velocity  when  the  temperature  of  particle  prior  depo¬ 
sition  exceeds  the  melting  point.  Therefore,  a  high-velocity  thermal 
spray  process  is  preferable  for  deposition  of  dense  electrolyte. 

As  one  of  the  high-velocity  plasma  spraying  technologies,  su¬ 
personic  atmospheric  plasma  spraying  (SAPS)  is  characterized  by 
high  velocity  of  supersonic  plasma  jet,  which  is  much  higher  than 
that  of  conventional  APS.  Furthermore,  it  works  at  atmospheric 
pressure  and  has  operating  costs  similar  to  those  of  traditional  APS. 
Therefore,  SAPS  will  be  a  potential  process  for  the  future  fabrication 
of  high  performance  electrolytes  for  SOFCs,  due  to  its  features  of 
high  velocity  and  temperature. 

The  gas-leakage  channels  in  the  plasma-sprayed  ceramic  coat¬ 
ings  consisted  of  pores,  microcracks,  and  unbonded  interfaces. 
Although  the  particle  velocity  significantly  affects  the  porosity  of 
the  coatings,  it  has  limited  influence  on  the  cohesive  bonding  of 
plasma-sprayed  coating  [15].  The  mean  bonding  ratio  at  the  in¬ 
terfaces  between  splats  of  ceramic  coatings  deposited  by  conven¬ 
tional  APS  or  VPS  is  less  than  1  / 3  of  the  total  apparent  interface 
area;  this  has  a  significant  influence  on  ionic  conductivity  and  gas 
tightness  of  as-sprayed  electrolyte  [24]. 

Recently,  another  parameter  that  influences  the  cohesive 
bonding  of  the  coatings  has  been  identified  [24]:  the  deposition 
temperature  is  the  coating  surface  temperature  prior  droplet 
impact  during  deposition.  Our  previous  research  [24]  showed  that 
with  the  increase  of  deposition  temperature,  the  microstructure  of 
YSZ  coatings  deposited  by  APS  changed  from  the  typical  lamellar 
structure  to  the  continuous  columnar  crystal  structure.  This 


structural  change  led  to  the  increased  lamellar  interface  bonding 
and,  subsequently,  the  increased  ionic  conductivity  of  the  plasma- 
sprayed  YSZ.  Therefore,  the  electrolyte  prepared  at  a  high  deposi¬ 
tion  temperature  may  exhibit  improved  performance,  with  high 
ionic  conductivity  and  gas  tightness. 

The  purpose  of  this  study  was  to  fabricate  a  dense  electrolyte 
that  can  be  used  directly  for  SOFCs  by  high-velocity  plasma 
spraying.  The  performance  of  as-sprayed  electrolyte  would  be 
improved  by  three  aspects.  Firstly,  ScSZ  with  a  high  ionic  conduc¬ 
tivity  was  used  as  the  electrolyte  material.  Then,  the  ScSZ  electro¬ 
lyte  was  prepared  by  SAPS  to  increase  the  density  and  the  gas 
tightness  due  to  the  high  in-flight  particle  velocity  and  tempera¬ 
ture.  Finally,  the  ScSZ  electrolyte  was  further  improved  by  the 
growth  of  long  columnar  crystal  structures  at  a  relatively  high 
deposition  temperature.  Therefore,  in  this  study,  the  ScSZ  electro¬ 
lyte  was  deposited  at  different  temperatures  by  SAPS  to  examine 
the  effect  of  the  deposition  temperature  on  microstructure  and  gas- 
leakage  rate  of  ScSZ  deposit  and  SOFC  performance.  The  influences 
of  spray  distance  on  the  ScSZ  particle  velocity  and  temperature 
were  investigated  to  examine  the  factors  that  control  cell 
performance. 

2.  Experimental 

2  A.  Material  feedstock 

In  this  study,  a  fuse-crushed  10  mol%  Sc203-stabilized  Zr02 
doped  with  1  mol%  Ce02  and  0.1  mol%  AI2O3  powder  (Fujimi  Co., 
Japan)  was  used  as  the  electrolyte  feedstock.  By  the  addition  of 
Ce02  [25]  and  AI2O3  [26],  the  10  mol%  Sc203-stabilized  Zr02 
showed  a  cubic  phase  at  room  temperature  and  had  no  phase 
transformation  with  the  increase  of  temperature.  The  powder  has 
a  size  range  of  5-25  pm  and  shows  an  irregular  shape  (Fig.  la). 
Commercially  available  8  mol%  YSZ  powder  (Fujimi  Co., 
Japan,  -25  +  5  pm)  was  also  used  for  comparison  to  ScSZ.  Results 
from  our  previous  study  [27]  suggested  that  plasma-sprayed  anode 
with  NiO/YSZ  agglomerated  powders  had  a  long  three-phase 
boundary  (TPB)  and  exhibited  a  good  performance.  Therefore,  in 
order  to  prepare  an  anode  with  sufficient  TPB  and  high  electron  and 
ionic  conductivity,  the  agglomerates  of  NiO  particles  less  than  5  pm 
with  ScSZ  particles  less  than  10  pm  were  used  as  the  feedstock 
powders  to  deposit  the  anode.  The  agglomerated  powders  had 
a  particle  size  of  50-70  pm  (Fig.  lb).  In  this  study,  plasma-sprayed 
Lao.8Sr0.2Mn03  (LSM)  was  used  as  the  cathode.  Although  the  LSM 
showed  relatively  low  catalytic  activity  for  oxygen  reduction  at  the 
lower  temperatures,  it  had  good  chemical  and  physical  compati¬ 
bility  with  zirconia-based  electrolyte  material  even  at  1000  °C  [1]. 
Therefore,  we  used  commercially  available  agglomerated  LSM 
powders  with  a  size  range  of  30-70  pm  (Fig.  lc)  for  the  preparation 
of  the  cathode  to  investigate  the  cells  performance. 

2.2.  In-flight  particle  diagnostics 

The  surface  temperature  and  velocity  of  in-flight  ScSZ  particles 
were  measured  by  the  spray  watch  system  (spray  watch-2i  CCD 
system,  Oseir,  Finland).  In  this  study,  experiments  were  carried  out 
using  a  SAPS  system  (HEPJ-100, 80  kW  class)  and  APS  system  (GPD- 
80,  Jiujiang,  80  kW  class).  The  anode  nozzle  of  the  SAPS  torch  was 
designed  as  a  Laval  nozzle,  which  had  a  throat  diameter  of  4  mm 
and  exit  diameter  of  5.5  mm.  The  spray  distance  was  increased  from 
70  mm  to  140  mm  for  the  SAPS  and  from  60  mm  to  110  mm  for  the 
APS  to  investigate  the  temperature  and  velocity  of  in-flight  ScSZ 
particles  (Table  1 ).  An  optimal  spray  distance,  in  which  the  particles 
had  a  higher  temperature  and  velocity,  was  selected  to  fabricate  the 
electrolyte. 
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Fig.  1.  SEM  morphologies  of  material  feedstock:  (a)  SzSZ  powders  for  electrolyte;  (b)  NiO/ScSZ  agglomerated  powders  for  anode;  (c)  LSM  powders  for  cathode. 


2.3.  Cell  fabrication 

The  single  cell  was  supported  by  the  porous  Ni50Cr50-Al203 
cermet,  deposited  by  flame  spraying  with  a  thickness  of  0.8  mm 
and  a  diameter  of  22  mm  [28].  APS  (GPD-80,  Jiujiang)  was  used  to 
deposit  the  anode  layer  of  55-65  pm  on  the  support  with  the  NiO/ 
ScSZ  agglomerated  powders  at  a  plasma  arc  power  of  36  kW.  The 
pressures  of  primary  gas  Ar  and  secondary  gas  H2  were  fixed  at  0.8 
and  0.4  MPa,  respectively.  The  flow  rates  of  Ar  and  H2  were  set  to  45 
and  4.5  L  min-1,  respectively.  The  spray  distance  during  deposition 
was  100  mm.  The  ScSZ  and  YSZ  electrolytes  were  deposited  by  SAPS 
at  deposition  temperatures  of  200  °C,  400  °C,  and  600  °C.  The 
substrate  (combined  with  support  and  anode)  was  heated  by 
a  flame  torch,  and  the  temperature  was  monitored  using  a  pyrom¬ 
eter  (RAYRPM30L3U,  Raytek,  USA).  The  spray  parameters  are 
shown  in  Table  1. 

Based  on  the  diagnostic  results  of  particles’  temperature  and 
velocity,  a  spray  distance  of  100  mm  was  selected.  The  thickness  of 
electrolytes  was  controlled  at  a  range  of  55-65  pm.  The  LSM 
cathode  layers  were  deposited  on  an  area  of  0.5  cm2  with  a  thick¬ 
ness  of  20-30  pm  by  APS  (GPD-80,  Jiujiang)  at  a  plasma  arc  power 
of  30  kW.  The  pressures  of  primary  gas  Ar  and  secondary  gas  H2 
were  fixed  at  0.8  and  0.4  MPa,  respectively.  The  flow  rates  of  Ar  and 
H2  were  set  to  60  and  1.6  L  min-1,  respectively.  The  spray  distance 


Table  1 

Plasma  spray  parameters  for  the  electrolyte. 


Parameter 

Unit 

SAPS  (Value) 

APS  (Value) 

Plasma  arc  power 

kW 

72 

42 

Plasma  arc  voltage 

V 

171 

60 

Plasma  arc  current 

A 

420 

700 

Flow  rate  of  primary  gas  (Ar) 

slpm 

65 

45 

Flow  rate  of  secondary  gas  (H2) 

slpm 

25 

7 

Powder  feed  rate 

g  min-1 

25 

25 

Spray  distance 

mm 

70-140 

60-110 

Deposition  temperature 

°C 

200,  400,  600 

600 

during  spraying  maintained  at  100  mm.  For  comparison,  the  ScSZ 
electrolyte  was  also  deposited  by  APS  with  the  spray  parameters 
shown  in  Table  1  to  investigate  the  effects  of  particle  velocity  on  the 
porosity  and  gas  tightness  of  as-sprayed  electrolyte.  For  each  dep¬ 
osition  temperature,  six  cells  were  prepared  to  investigate  elec¬ 
trolyte  performance. 

2.4.  Characterizations  of  the  cell 

Before  the  fabrication  of  LSM  cathode,  the  gas  tightness  of  the 
electrolytes  was  tested  after  the  NiO  in  the  anode  was  reduced  in  H2 
atmosphere  at  700  °C  for  2  h.  The  sample  was  connected  to  a  vac¬ 
uum  chamber  with  a  pressure  gauge  and  pumped  down  to  a  vac¬ 
uum  condition.  The  gas  permeability  across  the  sample  was 
estimated  from  the  relationship  between  the  pressure  difference 
across  the  samples  and  leakage  time.  The  detailed  description  of 
the  principle  and  method  can  be  found  elsewhere  [14,29].  The 
performance  of  the  single  cell  was  tested  in  a  furnace  with  a  heating 
and  cooling  rate  of  3  °C  min-1.  In  this  study,  H2  as  a  fuel  was 
bubbled  through  water  maintained  at  about  30  °C.  The  output 
performance  of  the  cells  ( I—V  and  I—P  curves)  was  measured  in 
a  temperature  range  of  700—1000  °C  under  a  H2  flow  of  0.1  slpm 
and  02  flow  of  0.15  slpm.  The  surface  morphology  and  micro¬ 
structure  of  the  electrolyte  layers  were  characterized  by  scanning 
electron  microscopy  (SEM,  VEGA  II-XMU,  TESCAN,  Czech).  The 
porosity  of  ScSZ  deposits  was  estimated  by  analyzing  images  of 
cross-sectional  microstructures. 

3.  Results  and  discussion 

3.1.  Influences  of  spray  distance  on  the  in-flight  ScSZ  particle 
velocity  and  temperature 

The  particles’  velocity  and  temperature  increased  with  the 
increase  of  spray  distance  to  a  maximum  value  and  then  decreased 
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with  the  further  increase  of  spray  distance  (Fig.  2a  and  b);  this 
pattern  is  generally  recognized  during  plasma  spraying  [30]. 
However,  the  maximum  particle  velocities  reached  in  APS  and  SAPS 
were  significantly  different.  The  velocity  of  ScSZ  particles  reached 
a  maximum  value  of  500  m  s-1  at  a  spray  distance  of  100  mm  in 
SAPS,  while  the  maximum  velocity  of  ScSZ  particles  in  APS  only 
reached  a  maximum  velocity  of  348  m  s-1,  a  value  that  is  compa¬ 
rable  to  those  reported  in  other  studies  [31]. 

Furthermore,  the  mean  temperature  of  ScSZ  particles  in  SAPS 
was  significantly  higher  than  in  APS  under  the  conditions  of  the 
present  study.  The  in-flight  particle  temperatures  at  the  spray 
distances  of  100  mm  and  120  mm  reached  3130  °C  and  3190  °C, 
which  are  higher  than  the  melting  point  of  ScSZ  powder  (2730  °C). 
Since  a  higher  in-flight  particle  velocity  and  temperature  will  be 
beneficial  to  obtaining  denser  deposits,  ScSZ  electrolyte  was 
deposited  at  an  optimized  spray  distance  of  100  mm  for  SAPS. 

After  the  powder  was  injected  into  the  plasma  jet,  there  was 
a  process  of  heating  and  acceleration  for  the  powder  before  the 
velocity  and  temperature  reached  their  highest  values.  As  a  result, 
the  heating  process  and  acceleration  process  were  not  completely 
synchronous;  velocity  and  temperature  usually  reached  peak 
values  at  different  spray  distances.  Therefore,  it  can  be  concluded 
that  100  mm  was  an  optimized  spray  distance  for  SAPS  in  the 
process  adopted  in  this  study,  and  80  mm  may  be  the  best  spray 
distance  for  APS  under  this  study’s  parameters  (Table  1).  Many 
processing  parameters  during  the  spraying  process  (such  as  arc 
current  and  primary  and  secondary  plasma  gas  flow  rates)  had 
significant  influences  on  the  in-flight  particle  characteristics  [32]. 
The  particle  velocity  of  SAPS  at  a  spray  distance  of  100  mm 
(500  m  s_1)  was  44%  higher  than  the  particle  velocity  of  APS  at 
a  spray  distance  of  80  mm  (348  m  s-1;  Fig.  2a  and  b).  Moreover,  the 


(a) 


Fig.  2.  Effect  of  spray  distance  on  the  velocity  and  surface  temperature  of  ScSZ  par¬ 
ticles:  (a)  for  APS;  (b)  for  SAPS. 


particle  surface  temperature  of  SAPS  at  100  mm  was  also  about 
400  °C  higher  than  that  of  APS  at  80  mm.  This  was  attributed  to  the 
higher  flow  rates  of  primary  gas  (Ar)  and  secondary  gas  (H2),  the 
higher  power  [31,33,34],  and  the  special  structure  of  the  spray  gun 
for  SAPS. 

3.2.  Microstructure  of  plasma-sprayed  ScSZ  electrolytes 

On  the  porous  Ni50Cr50-Al203  cermet  support,  the  Ni-ScSZ 
anode,  ScSZ  electrolyte,  and  LSM  cathode  were  layered  one-by- 
one  in  sequence  (Fig.  3a).  The  ScSZ  electrolytes  exhibited  a  charac¬ 
teristic  microstructure  for  APS  and  SAPS  at  a  deposition  tempera¬ 
ture  of  600  °C,  indicating  the  influences  of  particle  velocity  and 
temperature  on  the  electrolyte  microstructure  (Fig.  3b  and  c).  The 
pores  present  in  the  ScSZ  electrolyte  prepared  by  SAPS  were  much 
less  and  smaller,  compared  with  APS  ScSZ.  The  ScSZ  electrolytes 
deposited  by  APS  and  SAPS  at  a  deposition  temperature  of  600  °C 
had  porosities  of  6.3  ±  1.4%  and  2.6  ±  0.3%,  respectively.  The  low 
porosity  of  SAPS  ScSZ  can  be  attributed  to  its  high  particle  tem¬ 
perature  and  velocity;  the  high  velocity  of  particles  means  high 
kinetic  energy,  which  makes  the  molten  particle  easily  fill  the 
cavities  of  a  rough  surface  upon  impact.  Moreover,  the  wettability 
of  molten  particle  can  be  also  enhanced  by  the  increase  of  tem¬ 
perature  [35]. 

To  reveal  the  influences  of  deposition  temperature  on  the 
interlamellar  bonding  between  ScSZ  splats,  the  ScSZ  deposits  were 
fractured,  since  no  useful  lamellar  details  can  be  obtained  from 
normal  metallographic  samples.  The  microstructure  of  ScSZ  de¬ 
posits  changed  from  the  typical  lamellar  structure  with  limited 
lamellar  bonding  (Fig.  4a)  to  the  continuous  columnar  crystal 
structure  (Fig.  4b  and  c)  with  the  increase  of  deposition  tempera¬ 
ture.  The  columnar  crystals  grew  within  a  splat,  and  the  length  of 
columnar  crystals  was  comparable  to  a  splat  thickness  of  about 
1  pm  at  a  deposition  temperature  of  200  °C  (Fig.  4a).  In  addition, 
unbonded  interfaces  between  lamellae  were  present  in  the  deposit, 
and  microcracks  were  present  in  individual  splats.  When  the  sub¬ 
strate  was  preheated  to  400  °C,  the  typical  columnar  crystals  grew 
continuously  over  several  lamellae  and  had  a  length  of  about  4- 
5  pm  (Fig.  4b).  In  addition,  when  the  deposition  temperature 
reached  600  °C,  long  columnar  crystals  more  than  10  pm  with 
fewer  unbonded  interfaces  and  microcracks  were  present  in  the 
ScSZ  deposit  (Fig.  4c).  This  indicates  that  the  effective  bonding  was 
formed  through  several  lamellae.  Such  long  columnar  grains  were 
formed  by  the  growth  of  the  grains  of  solidifying  liquid  splat 
through  heterogeneous  nucleation  on  the  previously  deposited 
splats.  These  results  were  consistent  with  previous  results  for 
plasma-sprayed  YSZ  coatings  at  high  preheating  temperatures  [36]. 

Although  other  studies  [23,31]  showed  that  it  was  possible  to 
achieve  a  dense  ceramic  deposit  by  plasma  spraying  with  a  high 
particle  velocity  and  temperature,  a  previous  investigation  dem¬ 
onstrated  difficulties  in  increasing  the  lamellar  bonding  ratio  over 
one-third  between  lamella  in  the  ceramic  coating  deposited  fol¬ 
lowing  the  conventional  coating  deposition  routine  [13,15,16].  The 
ScSZs  deposited  by  SAPS  with  a  deposition  temperature  of  200  °C  in 
this  study  also  showed  a  typical  lamellar  structure  (Fig.  4a), 
although  the  in-flight  particle  reached  a  velocity  of  about 
500  m  s-1,  which  was  even  higher  than  that  obtained  with  the  VPS 
process  [8,37]. 

In  addition,  the  surface  morphologies  of  SAPS  ScSZ  differed 
among  different  deposition  temperatures  (Fig.  5).  Many  micro¬ 
cracks  were  found  from  the  surface  of  the  ScSZ  deposited  at  200  °C 
(Fig.  5a).  However,  with  the  increase  of  deposition  temperature 
(Fig.  5b  and  c),  it  becomes  difficult  to  find  the  microcracks  from  the 
coating  surface.  This  could  be  attributed  to  a  lower  quenching  stress 
evolved  during  rapid  solidification  of  molten  droplets  on  a  higher 
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Fig.  3.  Microstructure  of  the  polished  cross-section  of  single  cell  and  ScSZ  electrolytes:  (a)  cermet-supported  single  cell;  (b)  ScSZ  electrolyte  deposited  at  600  °C  by  APS;  (c)  ScSZ 
electrolyte  deposited  at  600  °C  by  SAPS. 


deposition  temperature,  which  decreased  the  thermal  gradient 
between  the  substrate  and  splats.  The  limited  microcracks  in  ScSZ 
deposited  at  high  deposition  temperature  further  lowered  the 
porosity. 


3.3.  Gas  tightness  of  the  ScSZ  electrolytes 

Pores  in  the  ScSZ  deposits  (Figs.  3  and  4)  will  decrease  their  ionic 
conductivity.  However,  only  interconnected  pores  in  the  electrolyte 


Fig.  4.  Microstructure  of  the  fractured  ScSZ  electrolytes  deposited  by  SAPS  at  difference  deposition  temperatures:  (a)  200  °C;  (b)  400  °C;  (c)  600  °C. 
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Fig.  5.  Surface  morphologies  of  the  ScSZ  electrolytes  deposited  by  SAPS  at  difference  deposition  temperatures:  (a)  200  °C;  (b)  400  °C;  (c)  600  °C. 


will  lead  to  leakage  of  fuel  or  oxidizing  gas  under  the  operation  of 
the  cells.  Fig.  6a  shows  the  change  of  the  pressure  difference  across 
the  cells  assembled  with  ScSZ  deposits,  and  Fig.  6b  shows  the  gas- 
leakage  rate  through  ScSZ  deposits.  The  gas  tightness  was  sig¬ 
nificantly  improved  by  the  increase  of  deposition  temperature  from 
the  time-AP  curves  (Fig.  6a).  The  ScSZ  fabricated  by  SAPS  at  a  dep¬ 
osition  temperature  of  200  °C  showed  a  specific  gas-leakage  rate  of 
3.5  x  10-7  cm4  gf-1  s_1,  and  it  decreased  to  7  x  10-8  cm4  gf-1  s-1 
when  the  deposition  temperature  was  increased  to  600  °C.  In 
comparison,  the  ScSZ  fabricated  by  APS  at  a  deposition  temperature 
of  600  °C  exhibited  a  specific  gas-leakage  rate  of 
7.2  x  10  7  cm4  gf-1  s-1  in  this  study.  Compared  with  the  ScSZ 
fabricated  by  SAPS  at  a  deposition  temperature  of  200  °C,  the  gas- 
leakage  rate  of  the  ScSZ  electrolyte  deposited  at  600  °C  decreased  by 
nearly  one  order  of  magnitude.  This  result  can  be  attributed  to  the 
decrease  of  unbonded  interfaces  among  splats  and  microcracks  in 
individual  splats,  which  cut  off  the  pathway  for  gas  leakage. 

Our  previous  study  [38]  reported  that  the  gas-leakage  rate  of  the 
as-sprayed  YSZ  deposited  by  APS  in  a  conventional  routine  was 
1.02  x  10-6  cm4  gf”1  s-1.  Compared  with  these  data,  the  leakage 
rate  of  3.5  x  10”7  cm4  gf-1  s-1  obtained  for  the  ScSZ  fabricated  by 
SAPS  with  the  same  deposition  temperature  of  about  200  °C  in  this 
study  was  one  order  of  magnitude  lower.  The  same  result  was  also 
obtained  from  the  ScSZs  fabricated  by  SAPS  and  APS  at  a  deposition 
temperature  of  600  °C  in  the  present  study. 

The  velocity  of  in-flight  particles  can  also  be  increased  by  using 
VPS,  compared  with  APS.  Tsukuda  et  al.  [39]  reported  that  the  gas 
permeability  of  the  YSZ  coating  deposited  by  VPS  was  lower  in 
value  by  one  order  of  magnitude,  compared  to  that  of  the  coating 
deposited  by  APS.  For  the  plasma-sprayed  ceramic  coatings  by  APS 
or  VPS,  the  main  difference  was  the  velocity  of  in-flight  particles, 
since  changes  of  atmospheric  pressure  from  APS  to  VPS  and  gas 
atmosphere  influenced  little  splat  structure.  Flowever,  the  thick¬ 
ness  of  splat  will  decrease  with  the  increase  of  the  velocity  of  in¬ 
flight  particles  [40].  For  the  same  thickness  of  deposit,  more 


splats  were  needed  in  the  direction  perpendicular  to  the  deposit 
surface  when  the  velocity  of  spray  droplet  was  high;  as  a  result,  the 
length  of  the  gas-leakage  pathway  increased.  Moreover,  high  ve¬ 
locity  also  contributed  to  the  decrease  of  gaps  within  unbonded 
interface  areas. 


3.4.  Cell  performance 

The  open  circuit  voltage  (OCV)  changed  with  test  temperature  of 
the  cells  for  ScSZ  electrolyte  deposited  at  different  deposition 
temperatures  by  SAPS  is  shown  in  Fig.  7.  The  OCV  of  the  cells 
increased  with  the  increase  of  deposition  temperature  at  all  of  the 
operation  temperatures.  The  maximum  OCV  of  the  cell  deposited  at 
200  °C  was  0.93  V,  and  it  increased  to  1.04  V  when  the  deposition 
temperature  was  increased  to  600  °C.  In  comparison,  at  an  oper¬ 
ation  temperature  of  800  °C,  the  cell  deposited  at  600  °C  had  an 
OCV  of  1.01  V.  This  value  was  lower  than  the  theoretical  voltage  [1  ], 
meaning  that  the  electrolyte  was  not  dense  enough.  However,  it  is 
an  acceptable  value  for  SOFCs  operation.  In  addition,  the  thickness 
of  ScSZ  electrolyte  in  the  present  study  was  about  60  pm,  and  the 
OCV  at  1000  °C  reached  to  0.96  V,  which  is  also  an  acceptable  value 
for  SOFC  operation.  Tsukuda  et  al.  [39]  reported  the  performance  of 
a  10-kW  class  SOFC  module.  In  their  module,  YSZ  electrolyte  of 
about  100  pm  thickness  deposited  by  VPS  exhibited  an  OCV  of 
about  1  V  at  1000  °C.  The  gas-leakage  rate  of  plasma-sprayed 
ceramic  deposit  will  be  significantly  increased  with  the  reduction 
of  deposit  thickness,  especially  when  the  thickness  of  deposit  is 
lower  than  200  pm  [41  ].  Therefore,  it  can  be  concluded  that  the  OCV 
of  ScSZ  electrolyte  fabricated  by  SAPS  at  a  high  deposition  tem¬ 
perature  was  comparable  to  that  for  the  cell  by  VPS  electrolyte, 
which  has  found  practical  application  in  a  SOFC  module  displaying 
long-term  operation  up  to  2000  h  [39].  Therefore,  the  as-sprayed 
SAPS  ScSZ  at  a  high  deposition  temperature  should  be  applicable 
as  the  electrolyte  of  SOFCs. 


S.-L.  Zhang  et  al.  /  Journal  of  Power  Sources  232  (2013)  123-131 


129 


(b) 


Time  (S) 


Fig.  6.  Gas  tight  property  of  the  ScSZ  electrolytes  prepared  by  SAPS  at  different  dep¬ 
osition  temperatures:  (a)  change  of  the  pressure  difference  across  the  cells  assembled 
with  ScSZ  deposits:  (b)  gas-leakage  rate  at  different  deposition  temperatures. 


The  output  performances  of  the  cells  with  as-sprayed  ScSZ 
electrolyte  are  shown  in  Fig.  8.  The  cell  voltage  decreased  nearly 
linearly  with  the  increase  of  current  density  when  the  operation 
temperature  was  above  800  °C.  These  results  mean  that  the  ohmic 
polarization  is  mainly  responsible  for  the  reduction  of  cell  voltage 
at  a  high  current  density.  However,  the  activation  polarization  can 
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Fig.  7.  Open  circuit  voltage  of  the  cells  fabricated  with  ScSZ  electrolyte  by  SAPS. 


Fig.  8.  Output  performance  of  as-sprayed  cells  fabricated  with  ScSZ  electrolyte  at 
different  deposition  temperatures:  (a)  200  °C;  (b)  400  °C;  (c)  600  °C. 

be  observed  at  the  current  density  lower  than  200  mA  cm-2  at 
700  °C  because  of  the  low  catalytic  activity  of  the  LSM  cathode  at 
low  temperature.  At  an  operating  temperature  of  800  °C,  the  cells 
showed  the  power  densities  at  a  cell  voltage  of  0.7  V  of  about  150, 
210,  and  250  mW  cm-2  at  the  deposition  temperatures  of  200  °C, 
400  °C  and  600  °C,  respectively.  The  previous  investigation  on  the 
effect  of  conventional  plasma-sprayed  ScSZ  thickness  on  SOFC 
output  performance  showed  that  the  maximum  output  power  was 
increased  nearly  by  a  factor  of  two  at  800  °C  when  ScSZ  thickness 
was  reduced  from  60  pm  to  40  pm  [6].  Taking  account  of  the  low 
electrochemical-catalytic  activity  of  present  LSM  cathode  at  low 
temperature,  the  performance  of  the  present  SAPS  ScSZ  at  low 
temperature  is  acceptable  when  it  is  compared  with  electrolyte 
deposited  by  other  high-velocity  plasma  spray  process  as  that 
reported  by  Hathiramani  et  al.  [22]. 
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When  the  cells  were  tested  at  900  °C  and  1000  °C,  the  cell 
performance  was  significantly  improved  with  the  increase  of 
operating  temperature.  Moreover,  the  deposition  temperature  also 
had  a  great  influence  on  the  output  performance.  At  the  deposition 
temperature  of  600  °C  and  a  cell  voltage  of  0.7  V,  the  power  den¬ 
sities  reached  about  464  and  754  mW  cm-2  at  the  operating  tem¬ 
peratures  of  900  °C  and  1000  °C,  respectively.  In  addition,  at 
1000  °C,  when  the  deposition  temperature  was  increased  from 
200  °C  to  600  °C,  the  maximum  power  density  increased  about  77%, 
reaching  995  mW  cnrr2. 

Since  anodes  and  cathodes  of  the  cells  were  prepared  by  the 
same  process,  the  present  results  indicate  that  the  greatest  con¬ 
tribution  to  the  enhancement  of  performance  resulted  from  the 
increase  of  conductivity  of  electrolyte.  The  ionic  conductivity  of 
plasma-sprayed  ZrCVbased  electrolyte  was  influenced  by  the 
lamellar  bonding,  which  was  significantly  affected  by  the  deposi¬ 
tion  temperature  (Fig.  4).  The  ionic  conductivity  was  improved  by 
the  growth  of  long  columnar  grains,  which  increased  the  inter- 
lamellar  mean  bonding  ratio  in  the  deposit.  Furthermore,  the 
decrease  of  porosity  also  enhanced  the  ionic  conductivity.  In  our 
previous  study  on  the  plasma-sprayed  YSZ  coatings  [42],  the  ionic 
conductivity  of  APS  YSZ  was  improved  by  53%  (from  0.036  S  crrT1  to 
0.055  S  cm-1)  when  the  mean  deposition  temperature  increased 
from  167  °C  to  686  °C.  The  cell  voltage  decreased  nearly  linearly 
with  the  increase  of  the  current  density  at  all  deposition  temper¬ 
atures  when  the  cell  was  operated  at  900  °C  and  1000  °C  (Fig.  8). 
Because  no  significant  concentration  polarization  was  observed, 
the  decrease  of  the  cells  voltage  was  resulted  from  both  ohmic 
polarization  and  electrode  polarizations.  Therefore,  at  1000  °C,  the 
area-specific  resistance  (ASR)  of  the  present  cell  can  be  obtained 
from  the  output  performance.  At  1000  °C,  the  ASR  was  0.62,  0.33, 
and  0.25  Q  cm2  at  the  deposition  temperature  of  200  °C,  400  °C,  and 
600  °C,  respectively.  The  ASR  decreased  about  60%  when  the  dep¬ 
osition  temperature  increased  from  200  °C  to  600  °C.  Since  the  cells 
had  the  same  electrodes,  it  can  be  concluded  that  the  conductivity 
of  SAPS  ScSZ  electrolyte  at  1000  °C  increased  more  than  60%  with 
the  increase  of  deposition  temperature  from  200  °C  to  600  °C.  The 
long  columnar  grains  at  high  deposition  temperature  allow  the 
oxygen  ions  to  transfer  directly  across  the  interface  and  sig¬ 
nificantly  reduce  the  resistance.  As  a  result,  the  ionic  conductivity 
of  the  ScSZ  deposit  layer  increased  significantly,  and  the  cell  per¬ 
formance  improved  greatly. 

In  addition,  the  maximum  output  power  densities  of  the  cells 
assembled  with  SAPS  ScSZ  and  SAPS  YSZ  tested  at  different  tem¬ 
peratures  are  shown  in  Table  2.  The  maximum  power  density 
increased  when  the  electrolyte  changed  from  YSZ  to  ScSZ.  The 
maximum  power  density  increased  by  35%,  43%,  and  66%  at  the 
operation  temperatures  of  800  °C,  900  °C,  and  1000  °C,  respec¬ 
tively.  The  increase  of  power  density  at  low  operation  temperature 
was  not  as  high  as  expected  from  the  change  of  electrolyte  material 
and  operation  temperature.  Since  both  anodes  and  cathodes  of  two 
types  of  cells  were  prepared  by  the  same  process,  this  result  could 
be  attributed  to  the  fact  that  the  electrode  polarization  influenced 
the  performance  of  cells  more  than  ohmic  polarization  did,  espe¬ 
cially  at  the  low  operation  temperature  and  the  high-conductivity 
electrolyte.  This  result  is  consistent  with  our  previous  study  [6] 

Table  2 

The  maximum  power  densities  (mW  cm-2)  of  the  cell  using  YSZ  and  ScSZ  electrolyte 
deposited  by  SAPS  at  a  deposition  temperature  of  600  °C  tested  at  different 
temperatures. 


Electrolyte  material 

800  °C 

900  °C 

1000  °C 

YSZ 

229 

416 

600 

ScSZ 

310 

594 

995 

and  also  indicates  that  the  SAPS  ScSZ  electrolyte  deposited  at 
a  high  temperature  has  great  potential  in  the  application  for  the 
intermediate-temperature  SOFC. 

4.  Conclusions 

ScSZ  electrolytes  were  prepared  by  high-velocity  plasma 
spraying  at  different  deposition  temperatures  up  to  600  °C.  Com¬ 
pared  with  the  ScSZ  fabricated  by  APS,  the  porosity  of  the  ScSZ 
fabricated  by  SAPS  at  a  deposition  temperature  of  600  °C  decreased 
about  60%.  In  addition,  with  the  increase  of  deposition  temperature, 
the  ScSZ  electrolyte  changed  from  the  conventional  lamellar 
structure  to  the  long  columnar  crystal  structure.  Results  showed 
that  the  interlamellar  bonding  in  the  ScSZ  deposit  significantly 
improved  with  the  increase  of  deposition  temperature.  The  gas 
tightness  of  ScSZ  was  enhanced  by  the  improvement  of  micro¬ 
structure.  As  a  result  of  the  change  in  the  electrolyte  structure,  the 
performance  of  the  cell  assembled  with  the  as-sprayed  ScSZ  was 
enhanced.  When  the  deposition  temperature  increased  from 
200  °C  to  600  °C,  the  maximum  power  density  increased  by  more 
than  70%  and  reached  995  mW  cm-2  at  1000  °C.  Moreover,  the 
power  density  of  the  cell  increased  by  66%  at  1000  °C  when  the 
electrolyte  was  changed  from  YSZ  to  ScSZ.  These  results  demon¬ 
strate  the  potential  applicability  of  SAPS  ScSZ  electrolyte  deposited 
at  a  high  temperature  to  be  used  in  SOFC  directly. 
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